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Abstract
Preventing falls and fall-related fractures in the elderly is an objective yet to be reached. There is increasing evi-
dence that a supplementation of vitamin D and/or of calcium may reduce the fall and fracture rates. A vitamin
D-calcium supplement appears to have a high potential due to its simple application and its low cost. However,
published studies have shown conflicting results as some studies failed to show any effect, while others reported a
significant decrease of falls and fractures. Through a 15-year literature overview, and after a brief reminder on
mechanism of falls in older adults, we reported evidences for a vitamin D action on postural adaptations - i.e.,
muscles and central nervous system - which may explain the decreased fall and bone fracture rates and we under-
lined the reasons for differences and controversies between published data. Vitamin D supplementation should
thus be integrated into primary and secondary fall prevention strategies in older adults.
Introduction
Falls in the elderly are a public-health problem due to
their high prevalence of 30% among subjects aged 65
and over, and their adverse outcomes [1-3]. In particu-
lar, fall-related fractures are associated with excess mor-
bidity and mortality, and substantial financial cost [1-3].
In order to delay the occurrence of falls for as long as
possible and to reduce its individual and public health
impact, effective preventive interventions and strategies
must be identified.
Falls can be prevented, as their incidence could be
reduced by 18% by application of interventions in
elderly community-dwelling subjects and by 25% in hos-
pitalized subjects [1,2,4], regardless of the type of inter-
vention. The intervention efficacy depends on two main
principles: an interdisciplinary approach of health care
professionals and a multifactorial approach in which
regular physical activity has a key role [5,6]. However,
application of this kind of intervention encounters two
main problems. The first is the need for a network
approach and the second is the poor compliance of
elderly people in the proposed physical activity, regard-
less of its nature [7]. This last aspect is too frequently
underestimated, but is central for the efficacy of any
intervention designed to prevent falls. For example,
Crombie et al. [7] showed that the main reason limiting
the participation of elderly subjects in physical activity
was their lack of interest in physical activity. In view of
these two difficulties, together with the high financial
cost of setting up population-based intervention mea-
sures, it is unlikely that the currently proposed fall pre-
vention interventions and strategies will be easy to
develop in the future.
Data accumulated since the original publication by
Chapuy et al. [8] on the effects of vitamin D supplemen-
tation showed, despite several negative results [9-15], a
reduction of the fall and bone fracture rates. As a conse-
quence, a vitamin D-calcium supplementation, in contrast
with the currently proposed fall prevention strategies,
appears to have a high potential efficacy on fall and frac-
ture reduction [16-23] due to its simple application and
low cost.
Increased fall risk in elderly individuals
According to the World Health Organization, a fall is
defined as the action of finding oneself involuntarily on
the ground. The prevalence of falls in the elderly is high
and strongly correlated with age, increasing from 30% in
subjects over the age of 65 to 50% in subjects over the
age of 80 [1-3]. Falls represent the commonest accident
of daily living and are the leading cause of accidental
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determined by its consequences including non-vertebral
fractures, which essentially depend on the fall mechan-
ism resulting in a variable force of impact on the ground
[1,4,25-30].
Human is a biped and, thus, one of his characteristics
is that the body’s center of gravity is approximately
located in the pelvis, i.e. perched high on a narrow sup-
port base [31]. To meet the demands of gravity, the
body’s equilibrium in the upright position is ensured
when the center of gravity exerts a reaction force to the
ground equal and opposite to the force of gravity in the
vertical plane situated in the middle of the support base
[31]. Balance can be disturbed by two types of events
[31-35]. The first are “internal” disturbances, i.e. induced
by the subject because expected, and for which antici-
pated postural adjustments (APA) precede the focal
movement in order to counteract its destabilizing effects
[31,33]. The second are unexpected, so-called “external”
events derived from the environment [33]. Postural reac-
tions triggered by this type of stimulus, designed to
maintain balance, are rapid and automatic in healthy
subjects [34]. It is classical to distinguish the ankle strat-
egy, observed during slow and low-amplitude posterior
translations of the weight bearing surface inducing ante-
rior sway of the body [34,35]. The second strategy is the
so-called hip strategy, which is used during rapid poster-
ior or large-amplitude translations [35]. Selection of
these strategies depends, apart from the nature of the
disturbance, on the subject’s state of attention and pre-
vious experience [31,36].
Maintenance of posture and balance during motor
activities thus involves the reception and integration of
multiple sensory afferents which inform the central ner-
vous system (CNS) [1,37]. Reception and processing of
all sensory information are ensured by the CNS, which
responds by inducing a series of muscle contractions
resulting in a series of coordinated movements, corre-
sponding to adapted complex motor behavior [38,39].
For example, the walking process is related to the
numerous demands that an individual needs to process
simultaneously when walking: firstly, propulsion of the
body in the horizontal plane via postural constraints
including slowing body segments that have a high
kinetic energy and may create a dynamic imbalance; sec-
ondly, maintenance of a stable equilibrium by ensuring a
coordination between posture and movement; and
thirdly, adaptation at any moment of time to environ-
mental constraints [28,32].
It has been suggested that the specificity of the
mechanism of falls in the elderly, particularly the
impairment of postural reactions - either altered or
delayed - could partly explain the higher incidence of
hip fractures compared to wrist fractures after the age
of 75 [29,30,36]. The inappropriate nature of postural
reactions, either responsible for or occurring during a
fall, is due to an abnormality of processing of musculos-
keletal mechanisms and of sensorimotor information in
the CNS. The central question is to determine whether
the age-related alteration of the postural adaptation abil-
ities - through the central nervous integration and per-
ipheral muscular effectors - could be related to vitamin
D and calcium status (normal or insufficiency) and/or
the use of replacement therapy in this age-group. The
literature provides arguments in favor of such an
association.
Vitamin D and postural adaptations
Metabolism and mechanism of action of vitamin D
Vitamin D is a fat-soluble vitamin synthesized from a
cholesterol derivative [18,38]. It exists in two forms:
vitamin D2 or ergocalciferol, which is produced by irra-
diation of ergosterol (provitamin D provided by the diet)
by the action of ultraviolet (UV) radiation in the skin,
and vitamin D3 or cholecalciferol provided directly by
foods or produced by the action of UV from cholesterol
after transformation into 7-dehydrocholesterol [38,39].
In the liver, cholecalciferol is transformed into calcife-
diol or 25(OH)D, which enters the blood circulation,
then, in the renal tubular cells, calcifediol is hydroxy-
lated into calcitriol or 1,25-dihydroxyvitamin D (1,25
(OH)D) which is the active form of vitamin D [38,40].
Vitamin D is a steroid hormone [41] because of its
mechanism of action which is exerted either directly on
membrane receptors affecting extracellular and intracel-
lular concentrations of Ca
++ via calcium channels and
which define the nongenomic action, or by binding to
nuclear receptors, which determines the genomic action
[40,42,43]. In this second case, the vitamin D/receptor
complex formed induces the synthesis of messenger
ribonucleic acid (mRNA) which codes for a protein, Cal-
cium Binding Protein (CaBP), responsible for the biolo-
gical effect [43,44]. This type of action takes longer to
be effective than the nongenomic action [42].
For a long time, the main role of vitamin D was con-
sidered to be the regulation of calcium and phosphate
metabolism [16], in which bone was the main target
organ and its action was considered to be limited to cell
turnover by increasing the life span of osteoblasts by an
anti-apoptosis effect [44]. However, recent data suggest
that muscles and the nervous system are also target
organs of vitamin D.
Vitamin D and muscles
Clinical evidence
First of all, several lines of clinical evidence suggest the
existence of a link between vitamin D and muscle func-
tion. Cases of myopathy have been described in severe
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dren and osteomalacia in adults [45-49]. These severe
forms of vitamin D insufficiency cause severe muscle
weakness, usually proximal and involving the lower
limbs [48,49]. Apart from these extreme cases, vitamin-
insufficient myopathies are generally underdiagnosed
due to the progressive and continuous onset of nonspe-
cific clinical signs such as muscle pain, paraesthesiae or
arthralgia, which are initially suggestive of a diagnosis of
inflammatory rheumatic disease [49]. Clinical signs may
also not necessarily be related to muscle lesions as, in a
series of 30 cases, Skaria et al. [47] showed that,
although clinical signs were present in more than 95%
of cases, only 30% of muscular biopsies revealed histolo-
gical signs of vitamin D insufficiency-related myopathy.
In case of severe vitamin D deficiency with osteomala-
cia, these signs are associated with widening of interfi-
brillary spaces, fatty infiltration, fibrosis and the
presence of glycogen granules, with no signs of inflam-
matory reaction [47,48]. It has also been shown predo-
minantly type II muscle fibres atrophy [50], while
vitamin D repletion instead leads to an increase in rela-
tive fibres composition and in fibres area of type IIa
muscle fibres [51,52]. It remains yet unclear if the
increase in type II muscle fibre number is caused by
new formation of type II fibres or a transition of already
existing fibres from type I to type II [53].
Molecular mechanisms
Second, experimentation revealed that the genomic
pathway of vitamin D action in muscle involves activa-
tion of 1,25(OH)D nuclear receptors that triggers the
production of messenger RNA and the synthesis of pro-
teins responsible for multiple phenomena such as cal-
cium influx into the cell, membrane phosphate
transport, phospholipids metabolism, and muscle fibre
proliferation and differentiation [38-40,44]. This geno-
mic pathway of action of vitamin D also influences the
polymorphism of VDR responsible for the nongenomic
pathway of action [43]. This nongenomic pathway has a
complementary action to that of the genomic pathway
either by activating a second messenger in the cell - cyc-
lic AMP and/or diacylglycerol and/or inositol tripho-
sphate and/or arachidonic acid - or by activating protein
kinase C and the release of calcium into the cytosol
[54,55]. This effect is responsible for the active transpor-
tation of calcium into sarcoplasmatic reticulum by Ca-
ATPase increasing the calcium pool which is necessary
for the successive attachments and detachments of myo-
filaments leading to sarcomeric shortening responsible
for muscular contraction [56]. Vitamin D therefore par-
ticipates in the good functional equilibrium of fast-
twitch type II muscle fibres, thereby preserving high
muscle contraction speed and muscle power [38-43,56].
Observation: mixed results
In epidemiological studies, the relationship between vita-
min D and muscle function remains more controversial,
as it has been inconsistently described [45]. For instance,
Bischoff-Ferrari et al. [57] observed, in a population of
319 community-dwelling subjects with a mean age of
75.9 years, that a 25(OH)D rate ≤ 12 ng/mL was signifi-
cantly correlated with decreased leg extension strength,
with a less intense effect in women compared to men.
However, after adjustment for gender, age, body mass
index and serum parathormone, this correlation was no
longer significant [57]. Annweiler et al. obtained similar
results amongst community-dwelling older women aged
75 and older from the EPIDOS cohort [58,59]. They
found a significant association of low serum vitamin D
with low quadriceps strength [58] and handgrip strength
[59] in the unadjusted model, but these associations
were not significant anymore after adjustment for age,
body mass index, number of chronic diseases, practice
of regular physical activity, serum calcium concentra-
tion, creatinine clearance, and hyperparathyroidism
[58,59]. In contrast, Mowe et al. [60], in a population of
hospitalized subjects (n = 246) and subjects living at
home (n = 103) between the ages of 70 and 91 years,
showed that, regardless of the group considered, the
serum 25(OH)D concentration was correlated with the
grip strength of the non-dominant hand, difficulty
climbing stairs, and regular physical activity. Finally,
Kuczynski and Ostrowka [61] reported indirect evidence
that low bone mineral density in osteoporotic elderly
women presenting vitamin D insufficiency was asso-
ciated with increased postural sway in the mediolateral
plane.
Intervention: mixed results
Like observation studies, intervention studies have
demonstrated discordant results concerning the effects
of vitamin D supplementation on muscle function
[21,45]. In a literature review published in 2003 and
based on 33 clinical trials and a total population of
2,496 elderly subjects, only 3 trials showed a significant
improvement of muscle strength and/or physical perfor-
mance [21]. In these 3 trials, the vitamin D supplement
was associated with calcium. However, when trials pre-
senting methodological bias were excluded, only one
trial demonstrated a significant improvement. More
recently, Annweiler et al. [45] conducted a systematic
review which confirmed that the relationship between
vitamin D and muscle function was controversial in
clinical trials as some studies found a significant vitamin
D-related improvement in physical performance, while
others failed to show any effect of supplementation.
These divergences highlighted the fact that the effects of
vitamin D supplementation were directly correlated with
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min D supplementation has also been reported to act
significantly and specifically on so-called antigravity
muscles [61]. This action of vitamin D on muscle has
been shown to play a role in maintenance of postural
equilibrium. Dhesi et al. [62] reported that an intramus-
cular injection of 600,000 IU ergocalciferol in 70 sub-
j e c t sw i t ham e a na g eo f7 6 . 6±6 . 1y e a r s ,ah i s t o r yo f
falls and a 25(OH)D concentration ≤ 12 ng/mL versus
an intramuscular placebo injection in a group of 69
matched subjects, significantly reduced postural sway. In
this study, a 3% increase of the amplitude of sway was
observed in the placebo group, while the amplitude of
sway decreased by 13% in the intervention group. How-
ever, this study did not demonstrate any effect on mus-
cle strength. Binder et al. [63] demonstrated that
vitamin D and calcium supplementation significantly
improved postural equilibrium tests.
The failure to demonstrate any positive effect of vita-
min D on muscle performance could also be related to
the duration of follow-up after starting treatment, which
did not exceed 6 months in the majority of cases
[21,45], whereas the effect of vitamin D may be
observed later. For instance, in the case of biopsy-docu-
mented myopathy, vitamin D supplementation restores
m u s c l ea f t e rap e r i o do f6t o1 2m o n t h s[ 4 6 - 4 9 ] .
Furthermore, the latest publications of experimental
research on vitamin D receptors (VDR) suggest the exis-
tence of responders and non-responders to vitamin D.
For example, Wang et al. [64] showed that a given VDR
genotype corresponds to a given intensity of muscle
strength, as these authors observed, in a population of
109 young women, that the AA homozygous genotype
of ApaI VDR was associated with lower muscle strength
than the aa or Aa homozygous genotypes. Similarly, the
bb homozygous genotype of BsmI VDR was associated
with lower muscle strength than the BB or Bb homozy-
gous genotype. On the other hand, no difference was
demonstrated between the various TaqI VDR genotypes
[64].
Furthermore, Stein et al. [65] have suggested that the
muscle effect of vitamin D insufficiency could be due to
parathormone and not to a direct action of vitamin D
on muscle. Vitamin D insufficiency triggers a series of
reactions, including elevation of serum parathormone
concentrations [38-42]. Serum parathormone appears to
be an indirect tissue marker of vitamin D insufficiency
that is more specific than the serum vitamin D concen-
tration itself [65], as serum 25(OH)D has been demon-
strated to be poorly correlated with the muscular tissue
response [40]. Furthermore parathormone has a muscle
action that is independent of vitamin D [22]. More spe-
cifically, studies in rodents have demonstrated that para-
thormone induces muscle catabolism [66], reductions in
calcium transport (i.e., Ca-ATPase activity) and impair-
ment of energy availability (with reduction in intracellu-
lar phosphate and mitochondrial oxygen consumption)
and metabolism (including reduction in creatinine phos-
phokinase and oxidation of long-chain fatty acids) in
skeletal muscles [67]. This relationship between serum
parathormone and muscles has been known for a long
time in patients with primary hyperparathyroidism,
whose clinical features comprise fatigue and muscle
weakness [40,42]. These symptoms improve after para-
thyroidectomy [68]. Furthermore, parathormone has
been shown to predict falls [65] and muscle strength
independent of 25(OH)D [69]. The specific roles of vita-
min D and parathormone on muscle are thus not fully
elucidated [68].
Given the divergence in published results, it appears
that vitamin D could affect neuromuscular function and
fall risk in a way which does not involve only the muscle
but also the CNS.
Vitamin D and nervous system
Molecular mechanisms
As in muscle, vitamin D acts according to genomic and
nongenomic pathways [39-42]. VDR have been demon-
strated in some parts of the brain, especially in the hip-
pocampus, hypothalamus, and limbic system but also in
cortical, subcortical and spinal motor zones [70-78]. At
the cellular level, these receptors are present on neurons
and glial cells [40-74].
Experimentally, in animals, vitamin D is involved in
neurophysiology and regulates the metabolism of neuro-
transmitters including dopamine, acetylcholine, seroto-
nin and gamma aminobutyric acid [70,78], and the
s y n t h e s i so fc e r t a i ng r o w t hf a c t o r ss u c ha sN e r v e
Growth Factor (NGF) or Glial cell line-derived neuro-
trophic factor (GDNF) [70-77]. Vitamin D is also
involved in the development and maturation of rodents
brain [70,71,75]. In addition to this central action, vita-
min D also acts on the peripheral nervous system, as a
reduction of nerve conduction velocity has been
reported in the case of severe vitamin D insufficiency
[47].
Vitamin D is also involved in neuroprotection through
immunomodulating, anti-ischemic and anti-oxidative
properties. Indeed, trophic induction plays a neuropro-
tective role in cerebral ischemia [79], as well as an anti-
neurodegenerative role for dopaminergic cells in models
of Parkinson’s disease [80]. Moreover, it seems that vita-
min D plays a part in the cerebral processes of detoxifi-
cation by interacting with reactive oxygen and nitrogen
species in rat brain and by regulating the activity of g-
glutamyl transpeptidase [81], a key enzyme in the anti-
oxydative metabolism of glutathione. Concentrations
around 0.1 to 100 nanomoles of 1,25(OH)D thus ensure
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effects of superoxyde ions and hydrogene peroxyde [80].
Finally, VDR-dependent immunosuppressive effects,
including increased concentrations of inflammatory
cytokines, macrophages, polynuclears, as well as their
sensitization to apoptotic signals, were described in the
CNS [70]. For illustration, in a model of mice with
experimental allergic encephalitis, 1,25(OH)D inhibited
autoimmune neurological processes [82,83].
Vitamin D could also be vasculoprotective since vita-
min D insufficiency has been associated with incident
cerebrovascular disease [84]. For instance, atherosclero-
sis is a systemic inflammatory disease related to vitamin
D insufficiency [85]. C-Reactive Protein is a marker of
inflammation and atherosclerosis regulated by Interleu-
kin-6 (IL-6) and Tumor Necrosis Factor-a (TNF-a)
[86], which secretions dose-dependently decreased in
presence of vitamin D [87]. Furthermore, vitamin D
insufficiency could be a contributing factor to hyperten-
sion - a major determinant of the development of cere-
brovascular diseases - by the suppression of the renin-
angiotensin system expression in the juxtaglomerular
apparatus [88] and by an action on the arterial wall
compliance [88,89].
All together, these properties could stabilize the neu-
rophysiologic function and explain why the lack of func-
tional VDR in the brain of VDR-knockout transgenic
mice models was responsible for behavioral disorders
due not only to an increased level of stress but also to
severe motor disorders [73,78,90-92]. For instance, the
suppression of functional cerebral VDR in transgenic
mice induced a decreased swimming capacity with fewer
swimming movements, suggesting the essential role of
vitamin D in motor control [90].
Observation
Some clinical data in humans appear to support the
hypothesis of a favorable action of vitamin D on cogni-
tive function, especially attention, as Yaffe et al. [93]
observed, in a population of 8,333 women over the age
of 65, that cognitive performance on frontal and atten-
tional tests were lower in women with a low BMD or
vertebral fractures, establishing a link between post-
menopausal osteoporosis - related to vitamin D insuffi-
ciency - and cognitive decline. Although the hypothesis
of a simple temporal relationship is possible in this
study, the hypothesis of an action of vitamin D on cog-
nitive function is highly likely [94]. In particular, epide-
miological studies revealed lower serum 25(OH)D
concentrations in subjects with Alzheimer disease than
in healthy subjects [95,96]. In addition, emerging analy-
tical studies have brought new evidence [94]. For
instance, Wilkins et al. [97] found a significant positive
association between the serum 25(OH)D levels and the
scores at the Clinical Dementia Rating and at the Short
Blessed Test in 80 older subjects aged 65 and over, liv-
ing at home (40 subjects with AD and 40 non-demented
subjects). Additionally, Przybelski et al. [98] and Ouds-
horn et al. [99] highlighted an association with the Mini
Mental Status Examination (MMSE) score. Similarly,
Llewellyn et al. demonstrated among 1,766 non-demen-
ted subjects or with Mild Cognitive Impairment aged 78
years on average that the lowest 25(OH)D concentra-
tions, the highest risk of pathological Abbreviated Men-
tal Test score [100]. In line with this, Annweiler et al.
showed a 2-fold risk of global cognitive impairment
(Pfeiffer’s Short Portable Mental State Questionnaire)
among 752 older women (mean age 82 years) [101].
Finally, Buell et al. [102] showed among 318 participants
(mean age 73.5 years, 72.6% women) that 25(OH)D
insufficiency was associated with more than twice the
odds of all-cause dementia and of Alzheimer disease. In
contrast, two studies found no significant association
[103,104]. First, Jorde et al. have unsuccessfully explored
the linear association of 25(OH)D with 6 specific cogni-
tive functions (working memory, episodic memory,
speed of information processing, language, executive
functions and intelligence) in 148 older subjects with
hyperparathyroidism (mean age 62 years, 46% women)
[103]. Second, McGrath et al. found no significant posi-
tive logistic association between the quintiles of serum
25(OH)D concentrations and several specific cognitive
tasks among 4,747 adults between 20 and 59 years
(Symbol-digit Substitution Coding Speed: attention and
episodic memory; Serial Digit Learning Trials To Criter-
ion: working memory) [104].
From a prospective perspective, Slinin et al. [105]
highlighted a trend for an independent association
between lower 25(OH)D levels and odds of cognitive
decline by Modified Mini Mental State score among
1,604 men enrolled in the Osteoporotic Fractures in
Men Study and followed for an average of 4.6 years.
Additionally, Llewellyn et al. [106] showed that low 25
(OH)D levels were associated with substantial decline in
MMSE score among 858 adults aged ≥65 years studied
over a 6-year period.
Literature review shows that the choice of confoun-
ders is essential and could explain the divergences in
results. Analyses should thus take into account a list of
covariates such as depression or serum parathormone
concentrations.
First, depressive mood is associated with both cogni-
tion and vitamin D. Indeed, depression by itself can
mimic dementia - when people are depressed, they can
have difficulty concentrating, which leads to forgetful-
ness - or is often part of dementia, or may cause by
itself executive dysfunction [107]. Additionally, a rela-
tionship between vitamin D deficiency and anxio-
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concentrations are closely associated with active mood
disorders [70] and have been proposed as the missing
link between seasonal changes in photoperiod and sea-
sonal mood swings [70]. In line with this, one clinical
trial supported the efficacy of vitamin D supplementa-
tion on mood disorders [108]. Finally, accounting for
depression is of primary importance while exploring the
involvement of vitamin D-related cognitive functioning
in locomotor function as depressed people are usually
less active and loose muscle mass as well as sensorimo-
tor performance [70].
Second, vitamin D belongs a complex biological sys-
tem, and its insufficiency causes an elevation of serum
parathormone [109]. Patients with primary hyperpar-
athyroidism usually exhibit cognitive disorders
[109,110], that could be reversed after parathyroidect-
omy [110]. Moreover, in the Helsinki Ageing Study,
high parathormone concentrations indicated an inde-
pendent 2-fold risk for a five-year cognitive decline
[111]. The systemic microvascular disease involving cer-
ebral vasculature together with hypercalcemia have been
proposed to result in disruption of the blood brain bar-
rier and accumulation of calcium deposits in brain tis-
sue, leading to cognitive impairment [111]. In vitro
studies have also shown that parathormone increases
intracellular calcium concentration and causes cell dete-
rioration in the rodent hippocampal neurons [112].
Furthermore, individual differences in the cell mem-
brane ability to resist calcium influx have been hypothe-
sized to cause the well-known but poorly understood
variability of clinical symptoms in patients with hyper-
parathyroidism [111].
Anyway and to the best of our knowledge, the associa-
tion of hypovitaminosis D with global cognitive impair-
ment persist after adjustment for these both covariables.
This association of vitamin D with global composite
cognitive scores has been recently explained by execu-
tive function and processing speed impairments
[106,113]. Amongst 1,080 subjects (mean age 75 years,
76% women) free of neuropsychiatric disorders (epi-
lepsy, schizophrenia, bipolar disorder, mental retarda-
tion, brain tumors, Human Immunodeficiency Virus),
Buell et al. found a significant positive linear association
between serum 25(OH)D concentrations and scores in
tests exploring executive functions (Trail Making Test:
flexibility) and speed of information processing (Digit
Symbol Coding) [113]. In addition, Llewellyn et al. [106]
found a substantial decline on Trail-Making Test B
among 858 adults 65 years or older enrolled in the
InCHIANTI study and followed for an average of 5.2
years. Executive functions include all heterogeneous
cognitive processes required in the regulation of cogni-
tive activity during the treatment of complex and/or
new and/or conflictual tasks [114]. These frontal and
attention functions are precisely those which enable us
to adapt our behaviors - such as walking - to expected
or unforeseen situations of daily living. They are there-
fore of prime importance for determining posture, navi-
gation abilities and locomotor performance. For
instance, they have direct impact on selection of pos-
tural control strategies when older adults encounter spe-
cific temporal and environmental constraints which
could place them at risk for falls [114-116].
Intervention
Vitamin D appears to stabilize postural equilibrium in
the elderly via an improvement of attention capacities
independently of any muscular action, as Dhesi et al.
demonstrated that vitamin D supplementation in elderly
fallers significantly decreased reaction times to stimuli
and improved postural equilibrium independently on
any effect on muscle [69]. The same authors have
already demonstrated this effect on the CNS in a group
of elderly fallers, by showing that low serum vitamin D
concentration was independently associated with high
amplitude of postural sway and vice versa [62]. In line
with this, vitamin D has been linked to walking speed
and acceleration capacity [117], and vitamin D supple-
mentation improved walking performance [118] by
mechanisms involving not only muscles but also ner-
vous system [117].
From a cognitive perspective, it has been demon-
strated that, in elderly rats, vitamin D reduced inflam-
matory disorders and hippocampal degenerative
processes, and was also responsible for decreased levels
of the biological markers of ageing [70]. In humans,
Annweiler et al. [119] showed a significant association
between weekly vitamin D dietary intakes and global
cognitive function, and found that inadequate weekly
vitamin D dietary intakes were associated with cognitive
impairment among 5,596 community-dwelling healthy
older women aged 80.4 years on average. However, to
the best of our knowledge, no randomized controlled
trial on the efficacy of vitamin D on cognition has been
conducted to date.
Based on these elements, the hypothesis that vitamin
D influences the occurrence and mechanism of the fall
and its consequences due to its action on postural bal-
ance system - i.e., CNS and muscles - would then be
feasible.
Evidence of the effectiveness of vitamin D on falls
and bone fractures
Epidemiology of vitamin D-related falls
From an epidemiological point of view, vitamin D insuf-
ficiency is very frequent in the elderly and is dependent
on the presence or absence of a history of falls
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estimated between 40% and 50% in non-fallers over the
age of 65 and up to 70% in fallers [65,120,121]. It has
also been demonstrated in institutionalized elderly that
fallers had lower serum vitamin D concentrations than
non-fallers [121].
In addition, the majority of data published over the
last 15 years demonstrated the existence of a significant
effect of vitamin D and/or calcium supplementation on
fall reduction [16,17]. It has indeed been shown that
vitamin D supplementation (800 IU/day) either alone or
in combination with calcium (500-1200 mg/day) allows
a very marked reduction in the number of falls in the
same individual but also in the number of fallers, with a
reduction of up to 50% [16-18]. A 2004 meta-analysis
confirmed that simple vitamin D supplementation,
r e g a r d l e s so fi t st y p eb u ta tad o s eo f8 0 0I U / d a y ,
allowed a mean reduction of the fall rate by 22%, with a
maximum effect of 53% when combined with oral cal-
cium [16]. This meta-analysis also showed that the
number of subjects needed to treat to prevent one fall
was 15. Furthermore, the most recent meta-analysis by
Bischoff-Ferrari et al. [17] demonstrated that vitamin D
supplementation of at least 700UI per day might reduce
the risk of falls amongst older adults by 19%. In addi-
tion, a minimum serum vitamin D concentration of 60
nmol/L could result in a 23% fall reduction, whereas
lower concentrations had no effect on the number of
falls [17].
Epidemiology of vitamin D-related fractures
In addition to vitamin D-related phosphocalcic regula-
tion, the vitamin D-related fall rate reduction induces a
fracture rate reduction. A 2005 meta-analysis on the
antifracture effect of vitamin D supplementation based
on 12 clinical trials combining a total of 19,114 women
over the age of 60 and living at home showed a signifi-
cant reduction of the relative risk of hip fracture by 26%
and other non-vertebral fractures by 23% [22]. This anti-
fracture effect was only observed for a vitamin D sup-
plementation of 700 to 800 IU per day. A similar result
was observed in frail institutionalized elderly subjects
[65]. In contrast, the Cochrane Systematic review con-
cluded that there was no reduction in fracture rate
related to vitamin D supplementation alone [18], while
combined calcium and vitamin D supplementation
reduced significantly the incidence of fractures in older
adults living in institutionalized care facilities [18],
which was confirmed by two 2007 meta-analyses
[122,123]. In line with this, a third 2007 meta-analysis
c o n c l u d e dt h a tc a l c i u mw i t ho rw i t h o u tv i t a m i nDm a y
reduce the total fracture risk by 12% [41]. Finally, Bis-
choff-Ferrari et al. [23] most recently demonstrated in a
2009 meta-analysis of high-quality double-blinded
randomized clinical trials - including 42279 adults aged
65 and older - the protective action of oral supplemental
vitamin D against nonvertebral fractures with a dose
dependant effect. This prevention was effective whether
in community-dwelling or institutionalized older indivi-
duals, and was interestingly independent of additional
calcium supplementation [23].
Incongruous data
However, some negative results appear to contradict
these previous findings, as they failed to demonstrate
any significant fall or fracture reduction [9-15] (Table
1). These mixed results could be due to potential con-
founders. Firstly, the vitamin status appears to be essen-
tial, as vitamin D insufficiency, defined according to a
serum cut-off value ranging between 10 and 30 ng/mL
of 25(OH)D, is more often associated with a significant
effect [8]. Secondly, the daily dose of vitamin D is deci-
sive and must be at least 800 IU per day. For instance,
in Jackson et al.’s study [13], the dosage was only half
that recommended to obtain an effect on the risk of
falls. Thirdly, subjects must comply with treatment. In
Jackson et al.’s study [13], negative results were obtained
by intention-to-treat analysis, but in this study, only
59% of women presented good compliance with vitamin
D and calcium treatment, defined by the authors as tak-
ing 80% or more of the prescribed treatment. When the
analysis was limited to women with good compliance
with treatment, the effect on reduction of hip fractures
was significant with a 29% reduction of the fracture rate.
Calcium and vitamin D supplementation was also asso-
ciated with a 26% reduction of the fall rate for women
with no history of falls. Fourthly, the initial health status
of elderly subjects seems also decisive, as it directly
influences the risk of falls and complications [124]. As
an example, in Cochrane Systematic review, the effect of
combined vitamin D and calcium on fractures was solely
shown in institutionalized subjects [18]. Ageing, either
physiological or pathological, is a process which modi-
fies the individual’s health status. At the population
level, it results in the formation of a heterogeneous
group in terms of health status [11,124-126] comprising
a subgroup of high-risk subjects with an altered state of
health due to multiple diseases, with functional limita-
tions and impaired adaptation capacities and a high risk
of falls [124-126]. The mixed conclusions could also
depend on selection of studies for inclusion in the
meta-analyses [16,17,21].A sa ne x a m p l e ,an e g a t i v e
study was excluded from the last meta-analysis because
patients were “in an unstable health state” although it
was not an initial exclusion criterion [17,127]. It should
also be noted that several studies showed that vitamin
D2 was less effective than vitamin D3 in humans
[128-130]. In addition, the absence of effect of vitamin
Annweiler et al. Journal of NeuroEngineering and Rehabilitation 2010, 7:50
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Page 9 of 13D supplementation on fractures could depend on the
type of fracture considered [10-15]. Finally, fall was
usually not the primary outcome in these studies and
assessment of fall frequency was not optimal [10-15].
Conclusions
Falls in the elderly, as well as fall-related adverse out-
comes such as low trauma bone fractures, are events
that could be prevented. Epidemiological studies con-
ducted over the past 15 years provide an increasing
number of arguments in favor of an action of vitamin D
on muscles and CNS. Vitamin D improves postural bal-
ance, propulsion and also executive functions and navi-
gation abilities among older adults. Vitamin D
supplementation thus not only determines gait perfor-
mance, but also prevents the occurrence of falls and
their complications among older adults. Mixed data
regarding the absence of effect of vitamin D and calcium
supplementation are mainly due to the fact that some
confounders were not taken into account, but also to
the baseline serum vitamin D concentration on initiation
of treatment, as a low serum vitamin D concentration
appears to be associated with better efficacy. The pre-
scription of at least 800 IU of vitamin D daily in insuffi-
cient elderly subjects is a simple intervention that
should be incorporated into new strategies for postural
rehabilitation, primary and secondary fall prevention,
strength training, integration of body schema, automa-
tion of gait and adaptation to the environment.
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